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Carbon footprint and nonrenewability are among the motives to mitigate dependence on
oil resources. On the other hand, palm trees exceeded 100 million around globe, which
poses enormous amount of biowastes to get exploited per annum. Moreover, nanocellulose
is emerging as efficient low cost material, which shows increasing versatility throughout
time. In this investigation we will attempt to extract nanocellulose from palm wastes
(fronds, leaves, and coir), and characterize them. Dry biomass was pulped by being sub-
jected to 10% (wt/wt) NaOH alkaline treatment at 160 C for 2 h. Pulped non-bleached
biomass underwent acidic hydrolysis by mechanical stirring in 20% H2SO4 (v/v) and heat-
ing to 120 C for 30 min. After filtration, neutralization, and centrifugion, resultant particles
were characterized to assess their morphology, size, particle charge, existing chemical
groups, and crystallinity. For the three types of palm residues, our preparation technique
was successful to isolate lignin containing nanocellulose particles. However, coir was more
recalcitrant to acidic hydrolysis than fronds and leaves. Our palm residues yielded 42
e82 nm spherical particles, and zeta potential ranging between 11 and 19 mV. Crys-
tallinity was higher after pulping, and lower after hydrolysis, which suggests promotion of
amorphous content of cellulose. Lignin-containing nanocellulose prepared in this study
initiates promising horizon especially in heavy metal (cations) removal from water in
environmental applications and sustained drug delivery for medical applications.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).El-Kashif).
y Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
).
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During recent decades, increasing environmental awareness
incited many governments, institutions, and firms to reduce
fossil fuel consumption. Carbon footprint and resource non-
renewability are amid the fundamental reasons to lessen
dependence on petroleum resources. In the same context,
lignocellulosic biomass emerged as reliable alternative for
petroleum based plastics. Lignocellulosic biomass is esti-
mated to be the most widely spread biopolymer on earth.
Global annual production of this biopolymer is roughly
calculated to be 1.3  1010 metric tons [1]. Lignocellulosic
biomass encompasses: 1) agriculture wastes (palm residues,
empty fruit bunch, straw, bagasse, corncob, Nile rose and
stover) [2e5], 2) forest wastes (branches, unwanted stems, and
withered leaves) [6], and 3) industrial wastes (waste paper, and
demolished wood) [7]. Ample of lignocellulosic residues and
their capacity to act as a “carbon sink”, promoted their use in
more than 200 applications, comprising construction mate-
rials, moderate strength composites, adhesives, packaging,
coatings, dental fillings, implants, and drug delivery [1,8].
Palm is considered rich source of lignocellulosic biomass.
Around the globe,more than 120million palm tree comprising
12millions in Egypt [9]. Annually, each tree produces 20e30 kg
of wastes at least, which poses significant problem in case
those residues were not dealt with in ecofriendly manner [10,
55].
Cellulose is not exception from other materials grabbing
interest; when new procesminiaturized to nano scale, unex-
pected properties are observed. After extracting nanoscale
cellulose porous structure, 51e531 m2.gm1 specific surface
area were reported [11].
Nanocellulose extraction is a good way to valorize palm
wastes and exploit them in versatile application. Nano-
cellulose is a good magical particle which receive ever
increasing interest during last 2 decades. Its applications
includes composites fabrication, paper modification,
packaging, and biomedicine [12]. Nanocellulose mechani-
cal properties are non negligible asset, tensile strength of
nanocellulose exceeds 10 GPa (10 times of steel), its tensile
modulus averages to 130 GPa, despite its low density
(1.5e1.6 gm.cm3) [13]. Low thermal expansivity and ca-
pacity to form transclucent films (particle smaller than
light wave length), in addition to vapor and O2 barrier
properties, and most importantly biocompatibility (or
biodegradability) enabled nanocellulose to become versa-
tile material in multitude of applications [14e16]. Poly-
meric composite reinforcement and paper (board)
strengthening are direct applications to high mechanical
properties [17,18]. Barrier properties in addition to me-
chanical properties, and biodegradability make nano-
cellulose perfect match for packaging solutions [19].
Moreover, nanocelluose have well-proven and promising
role in developing construction, energy, and electronics
industries [20].
Nanocellulose can be extracted via three routes. First one
is chemical extraction, in which acid attacks amourphous
regions of the celluloseic structure leaving cellulose nano
crystals (CNC). Second one is mechanical extraction.Mechanical work is exerted to disintegrate the cellulosic
hierarchy, yielding cellulose nanofibrils (CNF). Third
method is bacterial extraction, in which bacteria assemble
glucose monomers in long cellulose chains, yielding bacte-
rial nano cellulose (BNC) [21]. Most researchers concentrate
on the fabrication and application of lignin-free cellulose-
based materials for mature technology and green properties
[22]. However, extracting cellulose from lignocellulose
biomass requires series of harsh purification processes,
generating undesirable byproducts [23]. Contrarily, prepa-
ration of lignin-containing solutions can limit the con-
sumption of bleaching chemicals and energy, and thus, the
use of lignin-rich material is more environmentally-friendly
and less costly than using bleached material. Furthermore,
lignin, the most abundant natural aromatic polymer (more
than 30% of biosphere [24]), can perform as a binder to glue
cellulose and hemicellulose, imparting the strength and ri-
gidity of woody plants [25,26]. It comprises numerous
chemical groups, such as phenolic hydroxyl, methoxyl, and
carboxyl groups, which can play as active sites for adsorp-
tion of dyes and metal cations. Lignin also has other prop-
erties as antimicrobial, antioxidant properties and high
thermal stability [27]. Therefore, we can hypothesize that
lignin containing nanocellulose can provide unique
properties.
In this article, we will investigate lignin containing nano-
cellulose extracted chemically from 3 types of palm residues;
namely, fronds, leaves, and coir (palm stem mesh).2. Experimental
2.1. Materials
Three types of palm residues; namely, fronds, leaves, and coir
were collected from palm farming land located in Minia
Governorate, Egypt. Fronds only were received as powder,
wheras the other types were native (nonchopped).
2.2. Preparation
All types of palm residues were washed thoroughly. Non
chopped residues were cut into pieces and subjected to
grinding process using home use mixer. Pulping process
was performed by mixing 100 gm of biomass with 1L of 10%
NaOH (wt/wt), mixture heated up to 160 C for 2 h, and then
fibers were washed thoroughly and dried in open air. Pulped
fibers were finally subjected to acidic hydrolosis, 10 gm of
pulp 200 ml of 20% H2SO4 (v/v) and heated to 120 C for
30 min with stirring, as conducted elsewhere [54]. After
brownish paste like texture shows up, 1500 ml of frozen
distilled water was added to quench the reaction. After-
wards suspension was poured onto 0.22 mm Millipore filter
for 24 h. Concentrate cake was neutralized by 5% w/v
NaHCO3 until pH of 7e8. Subsequently, resulting suspen-
sion was centrifuged at 6000 rpm for 15 min. Following that,
supernatant was decanted and replenished by dI water. The
50 ml tube was shaken and recentrifuged. Eventually the
last 2 steps were repeated 1e2 times until pH 7.
Fig. 1 e SEM illustration of nanocellulose extracted from 3 types of palm residues; A& B nanocellulose from palm fronds, C&
D nanocellulose from palm leaves, and E & F nanocellulose from palm coir. B, D, & F are magnified figures from A, C, & E.
Agglomerates of cellulose nanospheres are encircled or pointed to by yellow lines.
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2.3.1. SEM analysis
Themorphological structure of chemical treated biomass was
investigated using Scanning Electron Microscope (SEM, FEI
Quanta FEG 250, FEI Corp). Dry powder sample was placed on
carbon tapes and then sputtered with thin gold layer under
argon atmosphere.
2.3.2. TEM analysis
Transmission electron microscopy was performed using TEM
902 Carl Zeiss system (Meditec, Inc., Oberkochen, Germany).
Beforehand, samples were prepared in 1: 2 water: ethanol,
then bath sonicated for 13min. Ethanol was added to speed up
volatilization of liquid from the grid.
2.3.3. Particle size distribution
The average diameter, the size distribution, and zeta potential
of samples were measured by using a particle size analyzer(Nano-ZS, Malvern Instruments Ltd., UK). For measuring zeta
potential, the samples were diluted (5 times) by deionized
water just before assessment.
2.3.4. FTIR analysis
Infra red spectroscopy was performed using FTIR spectrom-
eter (TENSOR 27, Bruker Corp.) in the range between 4000 and
400 cm1, and 2 cm1 resolution.
2.3.5. XRD analysis
Desktop D2 Phaser X-ray diffractometer (Bruker Corp.) with
radiation at 30 kV and 10 mA was used to obtain diffracto-
grams. Diffraction angle varied from 2q¼ 4e40 with step size
of 0.33/s. Crystallinity index (CI) was calculated by formula
reported elsewhere [28,29], CI ¼ (Icryst.-Iam)/Icryst, .where Icryst.
is the maximum intensity in the diffractogram, most
commonly at (2 0 0) peak, Iam is the intensity of the amorphous
valley between (2 0 0) and (1 1 0), mostly at 2q ¼ 18.
Fig. 2 e SEM for palm coir after acidic hydrolysis; it is clear
that the texture was recalcitrant to hydrolysis.
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Fronds, leaves, and coir yielded 2.9, 3.01, and 3.58 gm,
respectively. Sizes and morphologies of nanocellulose
extracted from the three types of palm residues, were depic-
ted by SEMandTEM in Figs. 1 and 2, respectively. Keep inmind
that SEM investigation is performed on dry powder sample.
The three types of residues nanocellulose (fronds, leaves, &
coir) illustrated in Fig. 1 show spherical morphology, of sizes
ranging between 200 and 300 nm. Fronds based nanocellulose
in Fig. 1A & B, and leaves based nanocellulose depicted in
Fig. 1C & D, look way more compliant to chemical reaction
(acidic hydrolysis), than coir based nanocellulose (Fig. 1E & F),
which exhibits recalcitrance to hydrolysis reaction. Non
compliance (recalcitrance) of coir can be concluded from the
clearly low number of spherical particles settling on intact coir
texture (Fig. 1F). Fig. 2 exhibits zoomed out view for unmuti-
lated coir texture despite undergoing acidic hydrolysis, which
is in line with the recalcitrance phenomenon monitored in
previous figure.
Although Fig. 3 displays TEM characterization of the same
samples, TEM requires samples to be suspended in water/
ethanol high dilution solution and sonicated. TEM showed
that the three types of samples were spherical particles of
average size ranging between 42 and 81 nm. Obviously, frond
(Fig. 3A& B) and leaves (Fig. 3C&D) yielded significantly lower
size particles than coir (Fig. 3E & F).
Images were analyzed using ImageJ tool and results were
summarized in Table 1. Particle sizes monitored from TEM
was substantially smaller than those of SEM. This can be
interpreted by coagulations between dry particles character-
ized by SEM, which were splitted down by suspending in
water before being pipetted on TEM grid.
Fig. 4 depicts particle size and zeta potential of fronds
particles, extracted in this study. Fig. 4A shows sharp high
peak around 100 nm and wide low peak (can be neglected)
around 300 nm & Fig. 4B shows high sharp peak at 19 mV.
Results of other particle types in this study in comparison to
literature were listed in Table 2.According to Table 4, particle size in this study falls in the
range betweenmaximum andminimum of other studies (44.7
and 350 nm). However, particles presented in this study are
more inclined to neutrality (closer to 0 mV) than particles in
literature, which can be affiliated to different pH and Naþ
concentration in the particles solution [30].
Fourier Transform Infra Red (FTIR) spectroscopy was per-
formed on all samples (Fig. 5). Analysis comprised native fi-
bers, pulped fibers, and nanocellulose, for fronds, leaves and
coir. The FTIR assists us to characterize the chemical structure
by identifying the functional groups present in each charac-
terized material. Infrared spectra of cellulose, hemicellulose
and lignin components were studied in previous literature
[36e40]. The typical functional groups and the corresponding
bands for each component are shown in Table 3 and listed
elsewhere [38,39].
All materials showed main absorbance regions. The first
one at low range of 700e1,800, second one at higher range
between 2,700 and 3,500 approximately. Very narrow range
between 2200 and 2400 wave number/cm showed up as well.
Specific absorption peaks could be recognized for each
particular component (Fig. 5).
For the three constituents of lignocellulosic tissue (cellu-
lose, hemicellulose, and lignin), hydroxyl stretching vibra-
tions are found between 3000 cm1 and 3500 cm1. Majorly,
peak intensity in hydrolyzed particles (CNC) was higher than
non-hydrolyzed (Native), reason behind that is the lower
diameter of nanocellulose, which implies larger specific area
and hence larger number of hydroxyl group [41]. Peak 1 for
CNC at 2890 cm1 HeCeH group peak gets more intense after
hydrolysis, probably because of the same reason like OH
group. Peak 2 in the three plots of native residues, corresponds
to aromatic groups in lignin (1700-1730 cm1). Peak 3 of native
particles at 1613 or 1632 cm1 corresponds to C]C in benzene
stretching ring or aromatic skeletal mode for lignin texture.
Peak 5 in native residues is around 1450 cm1 represents ar-
omatic skeletal ring of lignin. Peak 6 in CNC ranging between
1170 and 1082 corresponds to CeOeC group of pyranose ring
skeletal in cellulose. Peak 7 in native material of the range
1047e900 corresponds to deformation vibrations of CeO
bands in primary alcohol of lignin [42]. By and large, lignin
peaks were sharper and more apparent in native palm resi-
dues compared to pulped or CNC; in the same context, cellu-
lose peaks were sharper in CNC than native residues. We can
deduce that pulping and hydrolysis succeeded in lignin
removal from native residues. For the three types of lignin
containing nanocellulose (grey curves) same listed peaks
show up, but smaller and less sharp, which shows partial
depletion (fading) of lignin. For instance, peak 7 in Fig. 5A
(fronds), is very big and sharp, in comparison to the corre-
sponding peaks in lignin containing CNC (small encircled
peak).
Crystallinity was characterized by XRD technique, and re-
sults were showcased in Fig. 6. As explained in [44]. Cellulose
diffractograms show following peaks: 2q ¼ 12.5 (for 1 1
0 plane), labeled “1” in Fig. 6, 2q¼ 15.5 (for 1 0 1 plane), labeled
“2”, 2q ¼ 16.5 (for 1 0  plane), 2q ¼ 19.5 (for 0 2 1 plane),
2q ¼ 22.5 (for 2 0 0 plane), labeled “4”, 2q ¼ 34.5 (for 0 4
0 plane), labeled “5”. Valley labelled “3” represents amour-
phous cellulose. In this investigation, all types of non-
Fig. 3 e TEM illustration of nanocellulose extracted from 3 types of palm residues; A & B nanocellulose from palm fronds, C
& D nanocellulose from palm leaves, and E & F nanocellulose from palm coir. B, D, & F are magnified figures from A, C, & E.
Nanocellulose is encircled or pointed to by yellow lines.
Table 1 e SEM and TEM image size analysis for three types of palm residues based nanocellulose particles.
SEM image TEM image
Fronds Leaves Coir Fronds Leaves Coir
Average size (nm) 249 320 286 42 54 81
Standard dev. 80 131 61 19.7 8.7 47
Maximum 520 660 390 73 69 158
Minimum 14 8 15 21 41 31
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 0 : 5 2 6e5 3 7530
Fig. 4 e Particle size analysis of palm fronds extracted nanocellulose A), and zeta potential for the same particle type B).
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two peaks, low one at 2q ¼ 15.5 (sometimes overlapping with
2q ¼ 16.5) and higher one at 2q ¼ 22.5; few curves showed
small peak at 2q ¼ 34.5. Among the three types of CNC, only
hydrolyzed leaves (leaves CNC) showd some sort of crystal-
linity, obvious through the sharp peak at 2q ¼ 22.5. Table 4
summarizes crystallinity % of our palm residues, pulping
process slightly increased crystallinity. Contrarily, hydrolysis
process substantially decreased crystallynity. In other words,
crystallynity peaks disappeared, indicating drasticTable 2 e Zeta Potential and Particle Size of particles in
this study, measured by malvern equipment, in
comparison to literature.
Zeta potential (mV) Particle size (nm) Ref.
Fronds NC 18.8 108 This study
Leaves NC 14.4 e This study
Coir NC 10.8 90 This study
Sigma CNC 34 e [30]
Sigma CNC 53 50.3 [31]
Frond CNC 34 44.7 [31]
Husk CNC 35 212 [32]
Husk CNF 25 306 [32]
Linter CNC 45 179 [33]
Hemp Lignin 18 e [34]
Kraft Lignin 60 350 [35]destruction of crystalline regions, yielding amourphous
structure; mentioned phenomenon was monitored elsewhere
[45].
Some efforts of nanocellulose extraction methods and
properties are listed in Table 5. In listed literature, lignocel-
lulosic biomass is subjected to cellulose purification process
comprising pulping process (alkaline reaction) for removal of
hemicellulose and partial removal of lignin. Lignin remnants
are removed by bleaching process. After cellulose extraction,
top-down extraction technique will be executed to break
down cellulose into nanocellulose. Extraction technique can
be either chemical (majorly acidic hydrolysis), or mechanical
(ball milling, homogenization, & ultrasonication). Material
nature and preparation technique drastically impacted prop-
erties of nanocellulose extracted.
Pulping and bleaching were executed interchangeably in
literature. Few studies started with bleaching then pulping
[46,47], others started with pulping then bleaching [48]. How-
ever, no study investigated effect of sorting those two pro-
cesses (pulping and bleaching) on cellulose yield. Extraction of
nanocellulose was performed either by acidic hydrolysis or
mechanical extraction. Hydrolysis using H2SO4 or H3PO4 was
executed which nanocellulose will be formed as low aspect
high crystallinity nanocrystals (whiskers). Mechanical
extraction using ball milling, homogenizer, or ultrasonicator
yielded high aspect low crystallinity nanofibrils.
Table 3 e Absorption bands for functional groups of cellulose, hemicellulose and lignin, cited from [43].
Fiber component Wave number (cm_1) Functional group Compounds
Cellulose 4,000e2,995 OH Acid, methanol
2,890 HeCeH Alkyl, aliphatic
1,640 FibereOH Adsorbed water
1,270e1,232 CeOeC Aryl-alkyl ether
1,170e1,082 CeOeC Pyranose ring
Skeletal
1,108 OH CeOH
Hemicellulose 4,000e2,995 OH Acid, methanol
2,890 HeCeH Alkyl, aliphatic
1,765e1,715 C¼O Ketone and carbonyl
1,108 OH CeOH
Lignin 4,000e2,995 OH Acid, methanol
2,890 HeCeH Alkyl, aliphatic
1,730e1,700 Aromatic
1,632 C¼C Benzene stretching
Ring
1,613, 1,450 C¼C Aromtic skeletal mode




700e900 CeH Aromatic hydrogen
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 0 : 5 2 6e5 3 7532Some other studies didn’t target pure cellulose nano-
particles; instead, lignocellulose nanoparticles were prepared
[49e51]. Lignocellulose nanoparticles (or lignin-rich nano-
cellulose) are grabbing more attention due to proven higher
capacity to adsorb heavy metals and to deliver drug mole-
cules, properties which were backed by amorphous texture or
lignin, its aromatic (phenolic) nature, and negative charge
surface. Lignin-rich nanocellulose can be produced by enzy-
matic hydrolysis, in which cellulase degrade parts of cellulose
yielding lignocellulose particles [50], or by skipping bleaching
process so that lignin ramnants stay within texture [49]. Sul-
fonation process introduces sulfonate groups to lignin, by
using sulfuric acid or sodium sulfite, yielding lignosulpho-
nates [52]. Lignosulphonates are reliable sequestering parti-
cles that trap different metal ions as iron, calcium, copper,
nickel, aluminum and zinc. Thus, lignosulfonates solutions
can be implemented in treatment of soils by either adding
deficient minerals or absorbing harmful metals [53].
In this study, three types of palm based non bleached
nanocellulose were extracted by alkaline pulping, directly
followed by acidic hydrolysis, which suggests that particles
extracted are lignin-rich nanocellulose.
In showcased literature, acidic hydrolysis yielded cellulose
nanowhiskers of width ranging between 4 and 23 nm,
depending on acid concentration, and whether fibers were
subjected tomechanical disintegration after hydrolysis or not.
Lignin-containing cuboidal particles were prepared of sizesTable 4e Crystallinity % of native, pulped and hydrolyzed
palm residues; namely: fronds, leaves, and coir.
Fronds Leaves Coir
Native 28 29 31
Pulp 33 30 32
CNC e 27 eranging between 50 and 100 nm [50]; this is the most resem-
bling size and morphology to extracted particles in this study,
which ranged between 42 and 81 nm. Dark color and non-rod
like structure indicate that lignin is contained in the texture.
In literature and this study, FTIR peaks of eOH group
increased and got sharpened after nanocellulose extraction,
this is attributed to the smaller size of resultant particles,
which leads to larger number of OH group attached to fiber
surfaces. Lignin peaks disappeared after pulping (and
bleaching), which was quite clear in nanocellulose peaks.
Contrarily, cellulose peaks were sharper and higher after
treatment and nanocellulose extraction.
XRD diffractograms of listed literature showed higher
crystallininty for pulped fibers than native. Which is expected
due to partial removal of lignin, and crystallinity even
increased after nanocellulose extraction. Lani et al. [46] re-
ported increase in crystallinity from 38 to 73%, whereas Elias
et al. [47] reported increase from 23 to 70%, and Franco et al.
[48] reported increase from 21 to 50%. Increase in Franco
report was way lower than other literature, because cellulose
was extracted as fibrils not crystals. Rangan et al. [50] reported
decrease in crystallinity from 68 to 51%, which is due to
enzymatic hydrolysis of cellulose and boosting up percentage
of lignin. In this study, crystallinity increased after pulping,
and decreased or even vanished after hydrolysis. This is
because avoiding executing bleaching process, which neces-
sates presence of lignin within texture; acidic hydrolysis
might didn’t target lignin in particular, contrary in trans-
formed crystalline cellulose to amorphous structure.4. Conclusion
For fronds, leaves, and coir, our preparation technique was
successful to isolate lignin containing nanocellulose.
Fig. 5 e FTIR spectroscopy for the three types of palm residues A) fronds, B) leaves, and C) coir.
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Fig. 6 e XRD analysis of three types of palm residues A) fronds, B) leaves, and C) coir. The three residues were characterized
in native, pulped, and hydrolyzed states.
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Table 5 e Nanocellulose extraction methods and properties, with emphasis on palm residues.






















CI of native 38%





NaClO2 reflux for 5 times
Pulping
17.5% (w/v) NaOH 5 h
Acidic hydrolysis

















5% NaOH wt/dry fiber
Bleaching
1.5 gm NaClO2 þ 160 ml water















H2SO4 36% (or) H3PO4 62%










































































j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 0 : 5 2 6e5 3 7536However, coir was less compliant to acidic hydrolysis. The
three types yielded 42e82 nm spherical particles, and zeta
potential ranging between 11 and 19 mV. Crystallinity was
higher after pulping, and lower after hydrolysis. This suggests
the promotion of amorphous content of cellulose. Our palm
based lignin-containing nano particles open up whole new
field of material development, especially in heavy metal
(cations) removal from water for environmental applications.Declaration of Competing Interest
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